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Abstract 
In evaluating storage security in geological reservoirs for CO2 sequestration, the relative effect of trapping 
mechanisms is essential. In this study two reservoir candidates offshore western Norway are compared with respect 
to variation in residual-, dissolution- and subsequently mineralization potential. The Sognefjord and Johansen 
formations represent depositional analogues with comparable petrographical composition. The potential reservoirs 
are located at different burial depths; 1.3 and 3 km respectively. Testing the reactivity (i.e. fluid flow- and 
geochemical modeling) in two different geological settings within each reservoir, the dissolution potential was 
found to be larger in the shallow, most porous case due to extensive plume migration In contrast mineral trapping 
proved most efficient in the deeper, high temperature cases. Mineralization potentials also varied between different 
sedimentary facies in both reservoir candidates. 
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1. Introduction 
Reservoir candidates for sub-surface CO2 storage in Norway have been mapped and evaluated by the Norwegian 
Petroleum Directorate [1, 2]. The largest storage potential is found in offshore saline aquifers. The properties of 
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siliciclastic reservoirs in the North Sea vary with 
depositional environment, mineralogical composition, 
burial depth and diagenetic history. In this work the aim 
has been to decipher the relative effect of trapping 
mechanisms for CO2 related to the sedimentary facies, 
constraining grain size distribution and mineralogical 
composition, and in situ pressures and temperatures of 
the reservoir. In evaluating long term storage security of 
prospective CO2 reservoirs, compared to (short term) cost 
efficiency of shallow versus deep reservoirs, the relative 
effect of different trapping mechanisms (i.e.  structural-, 
residual-, dissolution- and mineral trapping sensu [3]) 
should be considered. 
 
The Sognefjord and Johansen formations are located in 
the northern North Sea off the western coast of Norway 
(Fig. 1). Both formations are listed by NPD as candidates 
for CO2 storage [2], with potential injection sites located 
about 20km apart, (Fig. 1). The potential reservoirs are 
situated in relative proximity to onshore gas plant 
facilities and offshore producing hydrocarbon fields, 
providing potential point sources for CO2. Showing 
similar reservoir properties, these two reservoir 
candidates display different burial depths; of 
approximately 1.3 km and 3 km, thus representing one “shallow” and one “deep” case in this study with respect to in 
situ pressure and temperature conditions. The formations are stratigraphically separated by less than 800m of Middle 
Jurassic sediments, but NS-striking faults with large throws cause large variations in burial depths (Fig. 1). The 
structural setting of prospective storage sites both in the Johansen and Sognefjord formations provide for post-
injection CO2 migration towards the north. This makes the potential for dissolution high, as sloping aquifers provide 
enhanced mixing and contact area between the migrating CO2 plume and the resident formation water. The potential 
to bind CO2 in mineral carbonates requires dissolved CO2 and is therefore also large in such settings [4]. 
 
 
2. Geological reservoir characterization 
 
Both the Johansen and the Sognefjord formations are Jurassic sandstone wedges between shales and siltstones. The 
Johansen Fm. is of Sinemurian-Pliensbachian age, whereas the Sognefjord Fm. was deposited during the Oxfordian-
Kimmeridgian [5]. Both formations comprise shallow marine, wave dominated facies belts, and asymmetric, deltaic 
coastlines, displaying a large degree of geological heterogeneity [6, 7]. The formations can be considered as 
depositional analogues, and also display similar petrographical/mineralogical composition due to a shared 
provenance in eastern Norwegian hinterlands [6-8]. 
 
2.1 Mineralogy 
Petrographically, the Johansen and Sognefjord formations may be described as micaceous, feldspatic arenites. The 
sandstones are generally poorly consolidated and highly porous (20-30%). Grain size and degree of lamination (e.g. 
draping layers of mica and carbonaceous fragments) vary with sedimentological facies (i.e. depositional 
environment). From detailed petrographic studies of the Johansen Fm. [7], chlorite seems to be relatively abundant 
(2-10 wt.%) and present both as grain coatings and alteration products. Pore-filling kaolinite is common, but 
permeabilities remain relatively high (up to 1500 mD). K-feldspar is slightly more abundant than plagioclase. The 
albite content, constituting an important, reactive phase, is in the order of 5-8 wt.% [7]. Due to the difference in 
burial depths between injection points; i.e. 1.3 km in Sognefjord Fm. and 3 km in Johansen Fm., it may be inferred 
that porous sedimentary facies in the Johansen Fm. is slightly more compacted compared to corresponding 
sediments in the Sognefjord Fm. due to the onset of quartz cementation at reservoir temperatures >70oC [9].  
Fig. 1: Structural map of the northern North Sea, Norway with 
potential injection points for CO2 in the Sognefjord (at burial 
depth 1.3 km) and Johansen (at burial depth 3.0 km) formations. 
Modified from [1] 
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2.2 Reservoir properties 
The reservoir properties vary according to sedimentological facies and depositional environment. In relation to the 
depositional models in [6, 7] the location of the injection points would correspond to an aggradational spit bar 
deposit in the Johansen Fm., and a more proximal, progradational delta-delta top sequence in the Sognefjord Fm. 
(Fig. 2).  
 
 
 
Fig. 2: Simplified sketch of depositional environments in the Johansen and Sognefjord formations, comparing the location of potential injection 
points (x) within sandy sedimentary facies; Setting 1- upper delta front and Setting 2 – lower delta front (Table 1). Modified from [5], not to 
scale. (a) Spit bar deposits in the Johansen Fm. (b) Prograding upper shoreface deposits and delta top in the Sognefjord Fm. 
 
Both reservoirs are expected to include fairly well sorted deposits of medium grained sand in large parts, displaying 
fairly high porosity and permeability, reflecting high energy depositional environments in the upper delta front. In 
the reservoir models this geological facies association is referred to as Setting 1 (Table 1).  Some parts of the 
formations, particularly in the lower end of prograding clinothems, are expected to consist of finer grained deposits. 
From core observations this facies also comprises draping layers of mica and carbonaceous material, which appears 
to reduce the vertical permeability. Correspondingly, Setting 2 (Table 1) in the reservoir models represents less 
porous and permeable sediments from the lower delta front, and with a lower Kx,y/Kz ratio compared to Setting 1. 
The facies-associated porosities and permeabilities are reduced by 10% in the deeper reservoir (Johansen Fm.) due 
to the extrapolated effect of chemical compaction (Table 1). Internal flooding surfaces and calcite cemented layers 
may constitute more or less continuous flow baffles within otherwise highly permeable sandstones. Such layers are 
observed in well logs both in the Johansen and the Sognefjord formations [7, 10], and expected to increase the 
dissolution potential for CO2 due to plume layering, increased dispersive mixing and a larger contact area between 
CO2 and formation water brine [11]. In this study low permeability layers are referred to as flow baffles (Setting 3, 
Table 1). 
 
Table 1: Reservoir properties relative to geological setting. The porosity is reduced by 10% in the deeper Johansen Fm. at 3 km compared to the 
shallower Sognefjord Fm. at 1.3 km (due to inferred quartz cementation). Vertical permeability (Kz) varies according to the interpreted 
geological setting. 
 
Formation Setting(#) Porosity(%) Kx=Ky(mD) Kz(mD) Kz/Kx,y
Sognefjord(shallow) 1:Upperdeltafront 31 1545 1082 0.7
Johansen(deep) 1:Upperdeltafront 28 485 340 0.7
Sognefjord(shallow) 2:Lowerdeltafront 28 485 73 0.15
Johansen(deep) 2:Lowerdeltafront 25 152 23 0.15
Sognefjord&
Johansen 3:Flowbaffles 16 0.1 0.01 0.1
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3 CO2 migration and dissolution 
 
Based on the geo-conceptual models and reservoir characterization, detailed property distributions may be defined 
in spatial grids for fluid flow simulations, including various scenarios with respect to geological heterogeneities. 
Petrel [12] was used for constructing property grids, Eclipse 300 [13] was applied for calculating migration 
distances, plume distributions and total dissolved CO2. In order to reduce simulation time and excluding some 
variables complicating the comparison of results, Setting 1 and Setting 2 (Table 1) were run separately for both 
reservoirs.  
 
3.1 Model input (fluid flow) 
The reservoir models were constructed using an average structural dip of 0.65o (not including seal topography) and 
500x500m lateral grid cell resolution. 35 layers of varying thickness (1-3 m) were added in simulating settings 1 and 
2 (Table 1) for both reservoirs, resulting in four model scenarios; 
 
x Sognefjord Fm. at 1.3km (shallow): P = 130bar, T  = 38°C, Setting 1 and 2 
x Johansen Fm. at 3km (deep):P = 300bar, T = 90°C, Setting 1 and 2 
 
Five separate layers (1m) with low porosity and permeability corresponding to Setting 3 (Table 1) were included in 
all models. Flow baffles were added separately in order to avoid underestimation of migration distances due to 
numerical effects of vertical property averaging (e.g. harmonic mean of Kz). CO2 injection of 2 Mt/year in a vertical 
well (filtered through the lowermost reservoir in cells 1-20) during 30 years and subsequent 1000 years of migration 
was simulated for all cases at given reservoir conditions. Multiplied pore volumes, assuming large connected 
aquifers, was used as the up-dip boundary condition. A maximum bottom-hole pressure constraint was applied, 
controlling the injection rate. Saturation curves were taken from [14] and adjusted to coarser and finer grain sizes 
(Settings 1 and 2, Table 1). The formation water salinity was set at 21 000 ppm for both reservoirs. 
 
3.2 Results (fluid flow) 
The fluid flow simulations show that the 
potential for immobilizing CO2 in 
residual and dissolved fractions is 
relatively high for all model scenarios. 
Due to the model constraints pressure 
buildup was not excessive in any of the 
cases, and injection rates were kept 
constant injecting the full volume of 60 
Mt CO2 during 30 years. At the end of 
injection (30y), dissolved volumes were 
in the order of 12-14% and the residual 
fraction close to zero (Fig. 3). 
Immediately post injection water starts 
to imbibe and the residual fraction 
increases as the buoyant CO2 plume 
starts to migrate (e.g. 33y in Fig. 3). The 
residual and dissolved fractions of CO2 
increase with advancing migration 
distance, reservoir sweep and time. The 
maximum migration distances displayed 
variance between the model scenarios. 
The plume was more elongated and 
reached further north in the most 
permeable, shallow reservoir, mainly 
due to higher porosity and  
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permeability compared to the other cases (Fig. 4). The difference in fluid properties due to deviating burial depths is 
small [15, 16] (Fig.5) and proved less significant with respect to CO2 distribution and dissolution. The total 
migration distance was 14.5 km after 1000 years in Setting 1 for the Sognefjord Fm. and 9.8 km in the less 
permeable Setting 1 of the Johansen Fm. (Fig. 4). For both reservoirs migration distances were lower in Setting 2 
(Fig. 4b and d). In all model scenarios the CO2 plume migrated through the flow baffles and reached the top of the 
reservoir before end of injection (30 years).  
 
4 Mineralization potential 
 
The mineralization potential is given by the amount of available cations per given rock volume. The chemical 
reactivity is expected to be highest in rocks of sedimentary facies with smaller average grain size and higher clay 
content (chlorite), also increasing with associated lower porosities and smaller pore throats (i.e. Setting 2, Table 1). 
In deep reservoirs (e.g. the Johansen Fm.) reaction rates are more rapid due to higher temperature, and the 
mineralization potential is expectedly higher. Previous studies [17, 18] suggest that chlorite (i.e. iron rich chamosite) 
and albite are the most reactive minerals present and controlling mineral phases with respect to the formation of 
carbonates subsequent to CO2 injection. The geochemical simulations were run using PHREEQC and phreeqc.dat 
thermodynamic database and with kinetic expressions including nucleation growth rate equations from [19] and 
parameters given in [20] 
 
4.1 Model input (geochemistry) 
The input mineralogical composition (Table 2) was selected based on sample data from [7], and the same for the two 
reservoirs (i.e. Sognefjord and Johansen formations). The model porosities, however, were varied according to 
Table 1. Reactive surface areas were calculated assuming spherical grains, with the diameter of chlorite crystals 
being 1 ȝm, and diameters of quartz and feldspar being equal to average medium (0.4 mm) and fine grained (0.2 
mm) grains.  The mica and clay contents (most importantly chlorite) are expected to be slightly higher in the more 
fine-grained lower delta front setting (Setting 2, Table 1). The chlorite fraction may be present as a precursor phase; 
e.g. berthierine, in the Sognefjord Fm. due to low temperatures, but this does not affect the Fe contribution and 
potential to form secondary carbonates. Four scenario models were run as equilibrium batch models and unlimited 
CO2 supply for 10 000 years. Further scenarios with restricted carbon and varying residual saturations from 10-20% 
were tested for comparison with the fluid flow results. 
 
Table 2. Input mineralogies for Setting 1 (upper delta front deposits) and Setting 2 (lower delta front deposits), normalized to 100%. Data are 
weight percent from XRD analysis [7] from samples in the Johansen Fm. representative of Setting 1 and 2.  
 
Setting(#) Quartz(%) KͲfsp(%) Albite(%) Kaolinite(%) Mica(%) Chlorite(%) Calcite(%)
1:Upperdeltafront 77.4 9.6 5.8 3.3 0.4 2.1 1.2
2:Lowerdeltafront 71.3 8.9 4.5 3.7 2.0 7.2 2.4
Fig. 4 (left): Plume geometries after 1000 years of 
migration in the four model scenarios (a)-(d). 
Fig. 5 (below): Variation in dissolution potentials for 
CO2 relative to reservoir conditions [15,16]  
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4.2 Results (geochemistry) 
In accordance with previous geochemical simulations [17] precipitated carbonates sourced Fe, Mg and Ca from 
dissolving calcite and chlorite, and Na and Al from albite. Geochemical reactions; i.e. dissolution of primary phase 
minerals and precipitation of secondary carbonate minerals, were found to be much faster and have earlier onset in 
the Johansen Fm. case, which is the hotter reservoir candidate (Fig. 6).  
 
In simulations with unlimited carbon supply, the Sognefjord Formation dissolution of initial phases; albite and 
chlorite, was quite slow, becoming significant only after some hundred years. At 10 000 years, the total dissolution 
of albite was similar in setting 1 and 2, whereas the initial amount of chlorite, being higher in Setting 2, was 
completely dissolved in both cases (Fig. 6a). In comparison, chlorite dissolution was onset immediately and 
completed before 100 years in the Johansen Fm. for both setting 1 and 2, and ankerite was completely dissolved at 
10 000 years (Fig. 6b). Siderite precipitation was onset at 300 years (Setting 2) and 800 years (Setting 1) in the 
Sognefjord Fm., and immediately in the Johansen Fm. Dawsonite only formed in Setting 2 in Sognefjord Fm. (Fig. 
6c), while forming immediately in both settings in the Johansen Fm. (Fig. 6d). Ankerite only formed at a late stage 
(800 years) in Setting 1 of the Johansen Fm. (Fig. 6d).  
 
 
 
Fig. 6: Results from geochemical simulations. (a) Sognefjord Fm., shallow reservoir, Setting 1: Moles of primary phases chlorite and albite 
dissolving with time (b) Johansen Fm. deep reservoir, Setting 1: Moles of primary phases chlorite and albite dissolving with time (c) Sognefjord 
Fm., shallow reservoir, Setting: Moles of secondary carbonates precipitating with time (d) Johansen Fm., deep reservoir, Setting 2: Moles of 
secondary carbonates precipitating with time  
 
The flow simulations showed that >60% CO2 was trapped residually or dissolved after 1000 years (Fig. 3). In the 
batch simulations we assumed a constant CO2 pressure, corresponding to a situation where the combined amount of 
residual and/or dissolved CO2 is larger than the carbonatization potential of the reservoir (~ 4.5 moles/L water for 
Johansen Fm., Setting 2). Constant-pressure (variable-volume) gas-phase PHREEQC simulations show that at 20% 
residual CO2, we obtain roughly the same potential as for an infinite reservoir (Fig. 7). At 10% residual CO2 we get 
30% lower carbonatization potential, showing that CO2 is limiting in this case. Therefore, to obtain more robust 
estimates of the mineral trapping potential of these reservoirs, coupled reaction-flow models must be used. 
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5 Discussion 
 
Mineral trapping of CO2 is often not accounted for in reservoir 
characterization, but may be significant on both shorter (injection 
area) and longer time scales (along the migration path) as shown in 
this study. In summary, the mineralization process appears less 
efficient in the Sognefjord Fm., mainly due to slower kinetic reaction 
rates at lower temperatures compared to the deeper and warmer 
Johansen Fm. With respect to long term storage (10 000y) the total 
mineralized fraction becomes similar in the Sognefjord and Johansen 
formations for the less reactive Setting 1. In Setting 2 the 
mineralization potential is several times higher in both reservoir 
candidates, and deviates between the Johansen and Sognefjord 
reservoirs also at the end of simulation time (Fig. 8). This is mainly 
due to higher chlorite contents and smaller average grain size (higher 
specific surface area). 
 
Burial depth (in situ P, T conditions) is of less importance with 
respect to evaluating the intra-reservoir fluid distributions in these 
reservoir candidates (Fig. 4, 5). But even small variations in porosity 
and permeability as a function of geological setting (e.g. Setting 1 
and 2) or burial depth (e.g. 10% lower porosity in the Johansen Fm. 
due chemical compaction) exert an important control on the plume 
migration distance and dissolution potentials. These are important 
parameters in evaluation of risk, as both reservoir candidates are in 
relative proximity to operating hydrocarbon fields and major faults. 
The dissolution potential was estimated to be higher in the most 
porous reservoir setting (Setting 1, Sognefjord Fm.), but is 
underestimated on longer time-scales for all scenarios, as mineral 
reactions are likely to drive further dissolution. This process would 
expectedly be more efficient in warmer reservoir conditions (i.e. 
Johansen Fm.). The sedimentary facies distribution, and hence the 
chemical reactivity varies spatially within both reservoir candidates. 
In order to save simulation time, the reservoirs may be characterized 
with respect to mineralization potential for each segment, according 
to in situ reservoir conditions and sedimentary facies. The Sognefjord 
Fm. is thicker than the Johansen Fm. in some parts, which potentially 
could add to higher reservoir sweep volumes, and further immobilization of CO2. Both reservoirs are heterogeneous 
and contain flow baffles, potentially retarding buoyant rise and spreading the plume, and thereby increasing 
sequestration capacity for CO2 [21]. This effect may be enhanced by using different injection strategies (e.g. 
horizontal wells) according to reservoir heterogeneities and encourage layered plume geometries. 
 
 
6 Conclusions 
 
Small variations in porosity, permeability and mineralogy between different geological facies settings and burial 
depths affect the total and relative fractions of residual, dissolved and mineralized CO2 in the Sognefjord and 
Johansen reservoir candidates. Mineral trapping seems significant even on shorter time scales (100 years) in some 
cases. This underlines the need for thorough evaluation of the geological variability in reservoir characterization. 
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